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The distribution of the ciliary ganglion (CG) innervation to the pigeon choroid was determined 
immunohistochelnically, using antisera against choline acetyltransferase (CHAT) and a neurofila- 
ment-related protein (the 3A10 antigen). Single-labeling revealed that the nerve fibers containing 
these two antigens were similarly distributed in the pigeon choroid, with the superior and temporal 
quadrants of the eye containing the most fibers. Both types of fibers surrounded and ramified on 
choroidal blood vessels. Additionally, CHAT+ varicosities were evident among vessels in the 
choroid and choriocapillaris. Double-label immunofiuorescence revealed that CHAT and the 3A10 
antigen were altoost completely colocalized in choroidal nerve fibers, but absent from CHAT+ 
varicosities. Substance P-containing and calcitonin gene-related peptide-containing choroidal 
nerve fibers were poor in 3A10+ labeling. Transection of the postganglionic fibers of the CG 
reduced CHAT+ and 3A10+ nerve fibers in the choroid to 3-5 % of normal abundance, with most of 
the residual fibers being located in the nasal and inferior quadrants. The present results suggest 
that the CG in pigeon preferentially influences choroidai blood flow in the superior and temporal 
parts of the eye, which are involved in high acuity and binocular vision. 
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INTRODUCTION 
The central and peripheral components of a circuit 
regulating choroidal blood flow (ChBF) via the ciliary 
ganglion have been determined in birds. The serially 
connected components of this circuit are [beginning 
arbitrarily with the right eye]: (1) the right retina; (2) the 
left suprachiasmatic nucleus; (3) the medial subdivision 
of the right nucleus of Edinger-Westphal (EW); (4) the 
choroidal neurons of the right ciliary ganglion (CG); and 
(5) choroidal blood vessels of the right eye (Gamlin, 
Reiner & Karten, 1982; Reiner, Karten, Gamlin & 
Erichsen, 1983; Meriney & Pilar, 1987; Reiner, Erichsen, 
Cabot, Evinger, Fitzgerald & Karten, 1991). Note that the 
lateral subdivision of EW innervates the ciliary neurons 
of the ipsilateral CG, which in turn innervate the muscles 
of accommodation and thepupil constrictor muscle 
(Reiner et al., 1983, 1991). Several physiological studies- 
have shown that this circ~lit exerts a potent vasodilatory 
influence on the choroid and plays a role in light- 
mediated increases in ChBF (Fitzgerald, Vana & Reiner, 
1990a; Fitzgerald, Gamlin, Zagvazdin & Reiner, 1995). 
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Lesions of EW, which disrupt the normal adaptive 
regulation of ChBF by this circuit, have been found to 
have deleterious effects on retinal health and functions 
(Fitzgerald & Reiner, 1989; Fitzgerald, Vana & Reiner, 
1990b; Hodos, Fitzgerald & Reiner, 1991). 
Despite the apparent importance of the role of the CG 
in regulating ChBF, very little detailed information is 
available on the extent and regional distribution of the 
CG input to the choroid. Such information isvaluable for 
understanding the neural basis of the influence of the CG 
on the choroid and for evaluating the possibility of 
regional differences in the control of ChBF by the CG. 
Further, the major previous study examining CG 
innervation of the choroid used an antiserum against a 
poorly characterized neuronal cytoskeletal constituent to
label choroidal .nerve fibers in chicks (Meriney & Pilar, 
1987), and assumed [but did not directly demonstrate] 
that the labeled fibers were of CG origin. To determine 
the distribution and abundance of choroidal nerve fibers 
of CG origin in pigeons, we employed immunohisto- 
chemical methods using an antiserum against choline 
acetyltransferase (CHAT), since the CG input to the 
choroid has been shown to be cholinergic (Meriney & 
Pilar, 1987; Reiner et al., 1991). To further examine the 
distribution of the CG input to the choroid, we used a 
mouse monoclonal antibody (3A10) against a neurofila-. 
ment associated protein (Furley, Morton, Manalo, 
Karagogeos, Dodd & Jessell, 1990). 
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METHODS 
Experimental rationale 
The 3A10 antibody was used in addition to anti-CHAT 
because of our initial concern that the anti-CHAT might 
not be sufficiently sensitive to reveal the full distribution 
of choroidal nerve fibers of CG origin. Before using the 
3A10+ fiber labeling to ascertain the distribution of CG 
input to the choroid, we carried out double-label studies 
to show that he 3A10 antigen colocalized with CHAT, 
but not substance P (SP) or calcitonin gene-related 
peptide (CGRP), which are contained in sensory fibers in 
the choroid (Reiner, 1987; Stone, Kuwayama & Laties, 
1987; Corvetti, Pignocchino & Sisto Daneo, 1988). The 
3AI0 antibody proved to be a reliable, sensitive and 
specific marker for nerve fibers of CG origin in the pigeon 
choroid. We then mapped the distribution and abundance 
of CHAT+ and 3A10+ fibers in the choroid in normal 
pigeon eyes and choroidal nerve transected pigeon eyes. 
Animals 
Fifteen White Carneaux pigeons (6-9 months old, 
obtained from Bowman Gray School of Medicine, 
Winston-Salem, NC, U.S.A.) were used in the present 
study. Some pigeons were sacrificed and perfused 
transcardially with fixative without any prior surgical 
treatment, and the eyes were subsequently removed, the 
cornea and lens dissected free, sectioned and processed 
for immunohistochemistry. Other pigeons received 
orbital surgery on the right eye, during which the 
postganglionic choroidal and/or ciliary nerve branches 
of the CG were transected just distal to the ganglion. For 
control purposes, one animal received a transection of 
only the postganglionic ciliary nerve branches distal to 
the ciliary ganglion, while a second received a transec- 
tion of the preganglionic nput to the ciliary ganglion. 
Birds receiving nerve transections were allowed to 
survive for 2-3 ffk and then perfused transcardially with 
fixative and the eyes were processed for immunohisto- 
chemistry: All animal procedures were in accordance 
with NIH Guidelines. 
Surgery 
Animals were anesthetized with ketamine (0.66 ml/kg) 
and xylazine (0.33 ml/kg), secured in a stereotaxic 
device, and body temperature was maintained at 38°C. 
A small incision was made between the eye and auditory 
canal on the right side of the head, the right eye was 
retracted and the lateral rectus muscle was cut from its 
ocular attachment to gain access to the ciliary ganglion 
and its postganglionic nerves. The avian ciliary ganglion 
gives rise to two distinct sets of postganglionic nerve 
fiber bundles----choroidal nerves arising from the chor- 
oidal neurons, and ciliary nerves arising from the ciliary 
neurons (Marwitt, Pilar & Weakly, 1971; Reiner et al., 
1983). The choroidal nerves leave the ciliary ganglion as 
four to six thin nerve bundles that enter the posterior pole 
of the eye near the optic nerve head and disperse within 
the choroid. The ciliary nerves enter the eye as three thick 
bundles that course along the temporal side of the eye 
within the outer part of the choroid. For complete 
transection of all postganglionic fibers of the ciliary 
ganglion (CGX), both the ciliary and choroidal nerve 
branches were transected distal to the ganglion. For the 
ciliary nerve transection, the ciliary nerve branches were 
selectively transected. For transection of preganglionic 
fibers to the ciliary ganglion, the oculomotor nerve was 
transected proximal to the ciliary ganglion. The transec- 
tions were carried out on the right eye in all cases, and the 
left eye was used as a normal control. Birds were allowed 
to recover and returned to their home cages after surgery. 
The efficacy of all transections whose data are presented 
here was confirmed histologically. 
Perfusion and sectioning 
Pigeons were deeply anesthetized with i ml of 35% 
chloral hydrate supplemented with metofane, transcar- 
dially injected with 200 units of heparin, and then 
transcardially perfused with 0.75% saline (75-100 ml) 
followed by 300-350 ml of 4% paraformaldehyde in a 
0.1 M lysine-0.01 M sodium periodate in 0.1 M sodium 
phosphate buffer (pH 7.4) (PB). The eyes were removed, 
the cornea nd lens dissected free, and the remaining eye 
cups were crYoprotected at 4°C with 25% sucrose in 
0.1 M PB-0.02% sodium azide. The eyes were subse- 
quently sectioned in the frontal plane at 20/~m on a 
cryostat. The sections were collected on gelatin coated or 
Superfrost/plus slides (Fisher Scientific) and stored at 
-20°C until processed for immunohistochemistry. 
Immunohistochemistry 
Immunofluorescence double label. Immunofluores- 
cence double-labeling was carried out as described 
previously (Reiner et aL, 1991). The slide-mounted 
sections were rinsed in 0.1 M PB and air-dried. The 
sections were incubated in a primary antisera cocktail 
overnight in a humid chamber at 4°C. The primary 
antisera cocktail consisted of either: (1) the mouse 
monoclonal 3A10 antibody (1:200) and rabbit anti- 
CHAT [generously provided by M. Epstein, J. Dahl and 
C. D. Johnson of the University of Wisconsin, Madison, 
WI, U.S.A. 1:250 with 1% normal goat serum]; (2) the 
3A10 antibody and rabbit anti-SP (Incstar, 1:1000); or 
'(3) the 3A10 antibody and rabbit anti-CGRP [Cambridge 
Research Biochemicals, 1:500]. The specificity of these 
antisera has been demonstrated previously (Johnson & 
Epstein, 1986; Furley et al., 1990; Brauth & Reiner, 
1991; Shih, Fitzgerald & Reiner, 1993; Figueredo- 
Cardenas, Anderson, Chen, Veenman & Reiner, 1994). 
After incubation in primary antisera, the sections were 
rinsed in 0.1 M PB, air-dried and incubated in a humid 
chamber for 1 hr at room temperature in a secondary 
antisera cocktail containing either dichlorotriazinylamino 
fluorescein (DTAF) conjugated onkey anti-rabbit IgG 
antiserum and tetramethylrhodamine (TRITC) conju- 
gated donkey anti-mouse antiserum, or TRITC conju- 
gated donkey anti-rabbit IgG antiserum and DTAF 
conjugated donkey anti-mouse IgG antiserum [all 
secondary antibodies from Jackson ImmunoResearch 
CHOROIDAL CHOLINERGIC INNERVATION 777 
Laboratories]. We used the two different combinations of
fluorophore-conjugated s condary antibbdies to ensure 
that the extent of colocalization observed was not a 
consequence of differences in sensitivity between the two 
fluorophores. The sections were then rinsed, air-dried, 
and coverslipped with a solution of 100 mg p-phenyl- 
enediamine in 10% 0.1 ld PB---90% glycerol to retard 
photobleaching (Anderson & Reiner, 1991). The slides 
were viewed with an Olympus epi-illumination fluores- 
cence microscope as described previously (Anderson and 
Reiner, 1990), 
Immunofluorescence lnd peroxidase--antiperoxidase 
single label. Rinsed and air-dried slide mounted sections 
were incubated in a hurrdd chamber at 4°C in primary 
antiserum (Reiner et al., 1991). The antisera used in these 
single label studies were rabbit anti-CHAT (1:500), 
mouse 3A10 (1 : 200), rabbit anti-SP (1 : 1000), rat anti-SP 
(from Accurate.Chemical and Scientific Co., 1 : 1000) and 
rabbit anti-CGRP (1 : 500). The specificity of the rat anti- 
SP has been confirmed previously (CueUo, Galfre & 
Milstein, 1979). The sections were then rinsed in 0.1 M 
PB and air-dried. Some sections were then processed for 
immunofluorescence single-labeling, as described above. 
The other sections were processed according to the 
peroxidase-antiperoxidase (PAP) method. These sections 
were incubated in a humid chamber for 1 hr at room 
temperature in a donkey anti-rabbit IgG (1:50) for the 
sections incubated in anti-CHAT, rabbit anti-SP, and 
anti-CGRP, a goat anti-rat IgG for the sections incubated 
in rat anti-SP, and a donkey anti-mouse IgG (1:50) for 
the sections incubated in the 3A10 (secondaries from 
Jackson ImmunoResearch Laboratories). The sections 
were then rinsed in 0.1 M PB, air-dried and incubated in a 
humid chamber for i hr at room temperature in rabbit, rat 
or mouse PAP [all at 1:200, from Sternberger Mono- 
clonals Inc.]. The sections were then rinsed twice in 
0.1 M PB and twice in 0.1 M sodium cacodylate buffer 
(pH 7.2-7.4), and then sl'.ained using diaminobenzidine 
tetrahydrochloride in a 0.2 M sodium cacodylate buffer 
as described previously QS, nderson & Reiner, 1990). The 
sections were subsequently rinsed, air-dried, dehydrated 
and coverslipped with ]?ermount. The sections were 
examined with an Olympus BHS microscope using 
standard transmitted light or Differential Interference 
Contrast optics. To reconstruct the distribution of labeled 
choroidal fibers, an overhead projector was used to draw 
the outline of the retina, sclera and choroid, and the 
labeled nerve fibers were mapped onto the drawings with 
an Olympus BHS transmitted light microscope using 
various structural landmarks for orientation. 
RESULTS 
Immunofluorescence single-label and double-label: 
CHAT and 3A10 
Immunofluorescence single-label for CHAT and 3A10 
in normal pigeon eye revealed the distribution of CHAT+ 
and 3A10+ fibers in the choroid to be virtually identical 
[Figs I(A, B) and 2(A, B)]. Intense labeling of axons for 
3A!.0,:~w~s~.obse~ed. Labeling for CHAT included 
pr0m{nem~ well labeieci axons and thin fibers and their 
varicosities. Both CHAT+ and 3A10+ axons were present 
within the choroid throughout the circumference of the 
eye. Nonetheless, 3A10+ axons and CHAT+ axons and 
varicosities in the choroid were considerably greater in 
abundance in the superior and temporal ocular quadrants, 
and were least abundant in the inferior quadrant. The 
3A10+ and CHAT+ axons ramified among and sur- 
rounded the vessels of the choroid, and in many cases 
extended to the level of the choriocapillaris. In addition, 
the thinner CHAT+ axons and their varicosities were 
seen along the walls of choroidal vessels and within the 
choriocapillaris. Consecutive examination of CHAT and 
3A10 double-labeling in individual fields of view 
revealed that the similarity in their distribution stemmed 
from their extensive colocalization [Figs I(A, B) and 
2(A, B)]. Almost all 3A10+ axons throughout the entire 
depth and regional extent of the choroid were also 
positive for CHAT. Similarly, virtually all axons that 
were CHAT+ were also 3A10 +. Note, however, that the 
thinner, more lightly labeled CHAT+ axons and their 
varicosities [many of which were located in the 
choriocapillaris] were not labeled for 3A10 [Fig. 2(A, B)]. 
Immunofluorescence single-label and double-label: SP 
and 3AlO 
Double label immunofluorescence for SP and 3A10 in 
normal pigeon eyes revealed that SP and 3A10 were only 
rarely contained in the same fibers in the choroid [Fig. 
2(C, D)]. Both types of fibers were present throughout the 
entire superior-inferior and temporal-nasal extent of the 
choroid. Examination of the SP+ labeled fibers in either 
single-labeled or double-labeled material, however, 
revealed the SP+ fibers to be thinner and more sparse 
than the 3A10+ fibers and to commonly possess 
varicosities. Additionally, SP+ axons and their varicos- 
ities were most abundant in the outer choroid and rare in 
choriocapillaris. 
Immunofluorescence single-label and double-label: 
CGRP and 3A10 
Our single-label studies revealed that choroidal 
CGRP+ nerve fibers have a distribution similar to that 
of SP+ fibers. This result is consistent with prior evidence 
that CGRP and SP are colocalized in peripheral sensory 
fibers and choroidal nerve fibers (Skofitsch & Jacobo- 
witz, 1985; Reiner, 1987; Stone et al., 1987; Reiner, Shih, 
Fitzgerald & Cuthbertson, 1994). It was not surprising, 
therefore, that immunofluorescence double labeling for 
CGRP and 3A10 revealed that CGRP and 3A10 are rarely 
seen in the same nerve fibers in the choroid of pigeon 
[Figs I(C, D) and 2(E, F)]. Both types of nerve fibers 
were present hroughout the entire superior-inferior and 
temporal-nasal extent of the choroid. The CGRP+ fibers 
were thin and sparse, possessed varicosities, tended to be 
most abundant in the outer half of the choroid, and did not 
extend into the choriocapillaris. The present results, in 
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FIGURE 1. Photomicrographs of ingle fields of view from sections double-labeled according to immunofluorescence procedures for 3A10 and 
CHAT (A, B) and for 3A10 and CGRP (C, D). Photomicrograph (A) shows 3A10+ labeled fibers in the choroid of the superior ocular quadrant of 
a normal pigeon eye, using TRITC as the fluorophore. Photomicrograph (B) shows the CHAT+ fibers in this same field of view, as visualized 
using DTAF as the fluorophore. Note that the axons that are prominently abeled for 3A10 in (A) are also typically labeled for CHAT in (B). The 
arrows in (A) and (B) indicate some of these double-labeled fibers. Note also, however, the presence of fine CHAT+ fibers and terminals 
(particularly in the outer choroid) that tend not to be labeled for 3A10. Note the presence of 3A10+ fibers in the nerve fiber and inner plexiform 
layers in (A) and the presence of CHAT+ amacrine cells and their processes in (B). Photomicrograph (C) shows 3A10+ labeled fibers in the 
choroid of the nasal ocular quadrant of a normal pigeon eye, using DTAF as the fluorophore. Photomicrograph (D)shows the CGRP+ fibers in this 
same field of view, as visualized using TRITC as the fluorophore. Note that many axons that are prominently labeled for CGRP in (D) are 
typically not labeled for 3A10 in (C) (open arrows). Note also that he axons that are prominently abeled for 3A10 in (C) are typically not labeled 
for CGRP in (D) (arrow heads). Some instances of the apparent presence of CGRP+ axons and varicosities in3A10+ fiber bundles were, however, 
observed among some of these bundles. Some such instances may represent cases of the colocalization ofCGRP in 3A10+ axons. Abbreviations: 
CHOR, choroid; GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; RPE, retinal pigment epithelium. 
Scale bar = 50 ~m. 
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FIGURE 2. Photomicrographs of single fields of view from sections double-labeled according to immunofluorescence 
procedures for 3A10 and CHAT (A, B), for 3A10 and SP (C, D) and for 3A10 and CGRP (E, F). Photomicrograph (A) shows 
3A10+ labeled fibers in the chor~oid of the superior ocular quadrant of a normal pigeon eye, using DTAF as the fluorophore. 
Photomicrograph (B) shows the CHAT+ fibers in this same field of view, as visualized using TRITC as the fluorophore. Note 
that the axons that are prominently abeled for 3A10 in (A) are also typically labeled for CHAT in (B). The arrows in (A) and (B) 
indicate some of these double-labeled fibers. Note also, however, the presence of fine CHAT+ fibers and terminals (particularly 
in the outer choroid and choriocapillaris) that tend not to be labeled for 3A10. Note the presence of 3A10+ fibers in the nerve 
fiber and inner plexife,rm layers in (A) and the presence of CHAT+ amacrine cells and their processes in (B). One very 
prominent 3A10+ axon that may be a centrifugal fiber crosses the IPL in (A). Photomicrograph (C) shows 3A10+ labeled fibers 
in the choroid of the superior ocular quadrant of a normal pigeon eye, using DTAF as the fluorophore. Photomicrograph (D) 
shows the SP+ fibers in this same field of view, as visualized using TRITC as the fluorophore. Note that many axons that are 
prominently labeled for SP in (D) are typically not labeled for 3A10 in (C) (open arrows). Note also that the axons that are 
prominently labeled for 3A10 in (C) are typically not labeled for SP in (D) (arrowheads). Some instances of the apparent 
presence of SP+ axons and varicosities in 3A10+ fiber bundles (arrowheads) were, however, observed. Some such instances 
may represent cases of the colocalization of SP in 3A10+ axons. Photomicrograph (E) shows 3A10+ labeled fibers in the 
choroid of the nasal ocular quadrant of a normal pigeon eye, using DTAF as the fluorophore. Photomicrograph (F) shows the 
CGRP+ fibers in this same field of view, as visualized using TRITC as the fiuorophore. Note that many axons that are 
prominently labeled for CGRP in (F) are typically not labeled for 3A10 in (E) (open arrows). Note that the axons that are 
prominently labeled for 3A10 in (E) are typically not labeled for CGRP in (F) (arrowheads). Some instances of the apparent 
presence of CGRP+ axons and varicosities in 3A10+ fiber bundles (arrowheads) were, however, observed. Some such instances 
may represent cases of the colocalization of CGRP in 3A10+ axons. Abbreviations: CHOR, choroid; GCL, ganglion cell layer; 
INL, irmer :nttclear layer; IPL, inner plexiform layer; RPE, retinal pigment epithelium. Scale bar = 50/tm. 
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sparse in the avian choroid (Reiner, 1987; Cuthbertson, 
Fitzgerald, Shih, Toledo, Jackson & Reiner, 1995) and 
sympathetic fibers in the avian choroid are much thinner 
than the 3A10+ fibers (Kirby, Diab & Mattio, 1978; 
Guglielmone & Cantino, 1982; Reiner, unpublished 
observations), suggest that the 3A10 antibody is a 
relatively selective marker for CHAT+ axons in pigeon 
choroid. 
PAP single-label in normal pigeon: CHAT and 3A10 
As shown in the line drawings [Figs 3(A), 4(A)], the 
distribution of CHAT+ axons closely resembles the 
distribution of 3A10+ axons in normal pigeon ehoroid. 
Both CHAT+ fibers and 3A10+ fibers are extremely 
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FIGURE 3. Reconstructions from sections stained using PAP 
immunohistoehemistry, of the distribution of 3A10+ nerve fibers in 
the choroid of a normal pigeon eye (A) and an eye with transection of
the postganglionic nerves of the ciliary ganglion (B). The sections were 
cut at 20 #m in the frontal plane. Both eyes are from the same pigeon 
and the left normal eye has been flipped for presentation purposes o 
that both right CGX eye and left normal eye are in the same orientation. 
The pecten is shown protruding into the eye from the inferior retina. 
The relative abundance of3A10+ nerve fibers in normal and CGX eyes 
was quantified and is presented in Table 1. Abbreviations: I, inferior; 
N, nasal; S, superior; T, temporal. 
and the left normal eye has been flipped for presentation purposes o 
that both fight CGX eye and left normal eye are in the same orientation. 
The peeten is shown protruding into the eye from the inferior retina. 
The relative abundance of CHAT+ nerve fibers in normal and CGX 
eyes was quantified and is presented in Table 1. Abbreviations: I, 
inferior; N, nasal; S, superior; T, temporal. 
quadrant. The 3A10+ fibers were, however, clearly more 
abundant in nasal choroid than the CHAT+ fibers. As is 
evident with the immunofluorescence labeling, both 
types of fibers spanned the depth of the choroid, 
surrounded choroidal vessels (arteries typically) and 
extended into the choriocapillaris. The relative abun- 
dance of CHAT+ and 3A10+ fibers per quadrant in the 
choroid was reconstructed and quantified based on the 
mean of two sections per nerve fiber type for each eye, 
both from the same bird. Both types of fibers were 
extremely abundant in superior and temporal choroid. 
The 3A10+ fibers, however, were only about 75% of the 
abundance of the CHAT+ fibers in these portions of the 
choroid, apparently because the anti-CHAT labeled many 
fine axons that 3A10 did not label. Both types of fibers 
were equally rare in the inferior choroid, but 3A10+ 
fibers outnumbered CHAT+ fibers in nasal choroid. 
in the temporal quadrant, even less abundant in the nasal 
quadrant and comparatively sparse in the inferior 
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FIGURE 4. Reconstructions from sections stained using PAP 
im~unohist~hemistry, of the distribution of CHAT+ nerve fibers in 
the choroid of a normal pigeon eye (A) and an eye with transection of
the postganglionic nerves of the ciliary ganglion (B). The sections were 
mm cut at 20/tin in the frontal plane. Both eyes are from the same pigeon 
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FIGURE 5. Photomicrographs of PAP stained 3A10+ nerve fibers and CHAT+ nerve fibers in the choroid of a normal pigeon 
eye [(A, C), respectively] and an eye with transection f the postganglionic erves of the ciliary ganglion [(B, D), respectively]. 
Photomicrographs (A) and (B) (both taken using differential interference ontrast optics) show that while 3A10+ fibers are 
abundant in the choroid of the superior ocular quadrant in normal pigeon eye (A), they are absent or largely absent in this 
quadrant following CGX (B). Similarly, photomicrographs (C) and (D) show that while CHAT+ fibers and terminals are 
abundant in the choroid of the superior ocular quadrant in normal pigeon eye (C), they are absent or largely absent in this 
quadrant following CGX (D). The arrows in (A) and (C) indicate some of the labeled fibers and terminals in the choroid. 
Abbreviations: CHOR, choroid; RPE, retinal pigment epithelium. Scale bar -- 50/tm. 
PAP single-label in CGX pigeons: CHAT and 3AlO 
Single-label for CHAT or 3A10 on pigeon eyes that 
had received a CGX revea]Led that the number of 3A10+ 
and CHAT+ choroidal nerve fibers in all retinal quadrants 
was greatly reduced [Figs 3(B), 4(B), 5 and 6]. This effect 
was quite dramatic for the superior and temporal 
quadrants [Figs 3(B), 4(B), 5 and 6]. The relative 
abundance of CHAT+ and 3A10+ fibers per quadrant in 
the choroid was reconstructed and quantified based on the 
mean of two sections per nerve fiber type for each eye, 
both from the same bird. The results were compared to 
the normal contralateral eye (Table 1). Following CGX, 
choroidal 3A10+ fibers were reduced to 5% of their 
overall normal abundance and the CHAT+ fibers were 
reduced to 3--4% of their overall normal abundance. For 
the superior and temporal quadrants in the CGX eye, the 
loss of both CHAT+ fibers and 3A10+ fibers was nearly 
complete (1-3% of normal). In the nasal quadrant, 17.5% 
of the CHAT+ fibers and 18.1% of the 3A10+ fibers 
remained. In the inferior quadrant, CHAT+ fibers were 
decreased to 45.3% and 3A10+ fibers to 60.0% of normal 
abundance (Table 1). 
Control transections 
Selective transection of the ciliary nerve branches 
distal to the CG [without accompanying choroidal nerve 
transection] had no evident effect on the distribution and 
abundance of CHAT+ and 3A10+ nerve fibers within the 
choroid of the transected eye. Such transections did, 
however, largely eliminate immunostaining for CHAT 
and 3A10 within the ciliary nerve bundles as they coursed 
within the outer choroid along the temporal side of the 
eye [data not shown]. Transection of the oculomotor 
nerve preganglionic input to the ciliary ganglion also 
appeared to have no effect on the abundance or 
distribution of the choroidal CHAT+ and 3A10+ nerve 
fibers on the transected side [data not shown]. 
S. CUTHBERTSON et al. 
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FIGURE 6. Photomicrographs of PAP stained CHAT+ nerve fibers in the choroid of a normal pigeon eye (A, C) and an eye with 
transection ofthe postganglionic nerves of the ciliary ganglion (B, D). Photomicrographs (A-D) show that while CHAT+ fibers 
and terminals are abundant inthe choroid of the temporal ocular quadrant innormal pigeon eye (A, C) they are absent or largely 
absent in this quadrant following CGX (B, D). The arrows in (A) and (C) indicate some of the labeled fibers and terminals in the 
choroid, focusing on some of those in the choriocapillaris. Note that CHAT+ amacrine cells are present in both normal (A, C) 
and CGX (B, D) eyes, but their CHAT+ fiber plexus in the inner plexiform layer is reduced in its labeling intensity in the latter. 
This reduction of CHAT+ labeling in the CGX eye may stem from the adverse ffects of diminished choroidal blood flow 
following CGX on retinal functioning. CHOR, choroid; GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform 
layer; RPE, retinal pigment epithelium. Scale bar = 50 #m. 
Retinal and orbital localization of CHAT and 3AlO 
immunolabeling 
Immunostaining within the retina for CHAT was 
localized to the starburst amacrine cells of  the amacrine 
and ganglion cell layers, and the processes of these 
amacrine cells within the inner plexiform layer [Figs 1 (B) 
and 6(A-D)] (Millar, Ishimoto, Chubb, Epstein, Johnson 
& Morgan, 1987). Within the orbit, the axons of various 
branches of  the oculomotor, trochlear and abducens 
nerves and the postganglionic branches of the ciliary 
ganglion were heavily and distinctly labeled for CHAT. 
Immunostaining for 3A10 in the retina was localized to 
axons within the optic nerve fiber layer [Figs I(A) and 
2(A)]. This label ing was intense and particularly 
prominent near the optic nerve head. Throughout he 
retina, individual 3A10+ axons were observed to leave 
the optic nerve fiber layer, course obliquely through the 
inner plexiform layer and end near the amacrine cell layer 
[Fig. 2(A)]. These axons appeared to represent centri- 
fugal fibers from the isthmo-optic nucleus (Fritzsch, 
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TABLE 1. Distribution and abundance of CHAT+ and 3A10+ nerve fibers in normal and CGX choroid 
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CHAT 3A10 
Normal CGX % Remaining Normal CGX % Remaining 
count count after CGX count count after CGX 
Superior 658 7 1.2 441 6 1.4 
Temporal 400 10 2.5 330 3 0.9 
Nasal 40 7 17.5 105 19 18.1 
Inferior 24 11 45.8 30 18 60.0 
Total 1122 35 3.1 905 45 5.0 
Counts of the number of CHAT+ or 3A10+ fibers in normal choroid and in choroid following transection of ciliary ganglion (CGX) in 
representative s ctions of each, per quadrant of the eye and for the eye as a whole. The percent of labeled CHAT+ and 3A10+ fibers 
remaining after CGX is also shown per quadrant and for the eye as a whole. The counts are based on an average of two sections per nerve fiber 
type for each eye, both from the same bird. 
Crapon de Caprona & Clarke, 1990). Within the orbit, the 
axons of the various branches of the oculomotor, 
trochlear and abducens nerves were 3A10 +, as were 
the axons of the postganglionic branches of the ciliary 
ganglion. Large axons wil~hin the ophthalmic nerve were 
also 3A10 +, but the maiority of the ophthalmic nerve 
was devoid of 3A10 labeling. 
DISCUSSION 
This study has shown by two different markers (CHAT 
and 3A10) that the avian choroid of the superior and 
temporal qua&ants of the eye is profusely innervated by 
nerve fibers and terminals of ciliary ganglion origin. 
Although ciliary ganglion innervation of the inferior and 
nasal retina was also substantial, the CG innervation of 
these quadrants was only one-tenth of that in superior and 
temporal choroid. In addition, nearly all CHAT+ and 
3A10+ fibers in the choroid were of CG origin. The 
majority of the CHAT+ and 3A10+ fibers in the choroid 
that did not appear to be of CG origin were located in the 
choroid of the nasal and inferior ocular quadrants. These 
results have implications for the regional control of 
choroidal function by the ciliary ganglion, and also 
suggest hat 3A10 may be a useful tool for studying 
choroidal innervation by the ciliary ganglion in other 
species. 
Functional implications 
The fact that 80-90% of the ciliary ganglion innerva- 
tion of the pigeon choroid is to the superior and temporal 
quadrants of the eye is of interest with respect o the 
specializations ofpigeon eye. The superior portion of the 
pigeon retina is occupied by a specialized area called the 
red field (Meyer, 1977; Donovan, 1978). This area is rich 
in cone photoreceptors and possesses well developed 
inner nuclear, inner plexiform and ganglion cell layers, 
and is specialized for high acuity vision. The temporal 
retina in pigeons contains a portion of the red field, and 
also the far temporal retina in pigeons receives a 
representation f the binc~mlarly overlapping part of the 
visual field (Meyer, 197'7; Donovan, 1978; Bloch & 
Martinoya, 1983). Both superior and temporal retina in 
pigeons are thick (Donovan, 1978) and the choroidal 
vascular beds underlying superior and temporal retina are 
thick and highly vascularized (Walls, 1942; Meyer, 
1977). The thickness of retina and choroid may be 
related, since high ChBF appears necessary toprovide the 
pressure gradients for the diffusion of nutrients from the 
choroid to the inner retina (Yancey & Linsenmeier, 
1988). It is clear that the ciliary ganglion input to the 
choroid is vasodilatory in function (Fitzgerald et al., 
1990a). The present findings and prior studies suggest 
that the CG innervation to the choroid uses acetylcholine 
as a neurotransmitter (Marwitt et al., 1971; Meriney & 
Pilar, 1987; Reiner et al., 1991). More recently it has 
become vident hat these CG fibers may use acetylcho- 
line to produce choroidal vasodilation via acetylcholine- 
evoked endothelial release of nitric oxide (Zagvazdin, 
Fitzgerald & Reiner, 1995). Additionally, the choroidal 
innervation by the ciliary ganglion appears to directly use 
nitric oxide to produce rapid increases in ChBF (Sun, 
Erichsen & May, 1994; Zagvazdin et al., 1995). The 
preferential projection of the ciliary ganglion to the 
superior and temporal retina suggests that neural 
regulation of ChBF in these parts of the eye may be 
particularly important. The choroid is responsible for the 
vascular supply to the entire depth of the retina in birds 
and disturbances in the basal levels of ChBF or in the 
neural regulation of ChBF appear to be harmful for the 
health and functioning of the retina (Reiner et aL, 1983; 
Fitzgerald & Reiner, 1989; Fitzgerald et al., 1990b; 
Hodos et aL, 1991; Shih et al., 1993; Shih, Fitzgerald & 
Reiner, 1994). Choroidal blood flow in the superior and 
temporal quadrants of pigeon retina may be under 
extensive neural control by the ciliary ganglion to help 
provide the necessary thermal and metabolic support o 
the two areas of the avian retina that are thickest and 
appear most critical for goal directed behavior. 
Implications for other sources of input to the pigeon 
choroid 
We found that many of the CHAT+ and 3A10+ nerve 
fibers in the choroid of the inferior and nasal quadrants of 
the pigeon eye appeared to arise from outside the ciliary 
ganglion. Several of our recent studies uggest apossible 
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source for these CHAT +/3A10+ fibers. The pterygopa- 
latine ganglion in birds is located along the nasal side of 
the orbit and it appears to profusely innervate orbital 
blood vessels and sparsely innervate the choroid, 
preferentially in the nasal quadrant (Walcott, Sibony & 
Keyser, 1989; Reiner, 1987; Cuthbertson et al., 1995). 
Although this innervation and its neurons of origin are 
rich in VIP and in nitric oxide synthase, we have found 
that most of the neurons of pigeon pterygopalatine 
ganglion also contain CHAT. Thus, it is possible that 
some or all of the CHAT +/3A10+ fibers in the pigeon 
choroid that do not arise from the ciliary ganglion arise 
from the pterygopalatine ganglion. If this is the case, it 
would imply that the two parasympathetic ganglia 
controlling ChBF in pigeon largely regulate flow for 
different parts of the eye. The necessity or value of such 
possible differential control is uncertain. In contrast, our 
observations and those of other authors suggest the 
sensory innervation and the sympathetic nnervation to 
the pigeon choroid to be more uniformly distributed 
among the quadrants of the eye (Kirby et al., 1978; 
Guglielmone & Cantino, 1982; Reiner, 1987; Corvetti et 
al., 1988; Cuthbertson et aL, 1995). 
3A10 As a marker of choroidal nerve fibers 
Our study has also shown that the 3A10 antibody in 
pigeon is a reliable marker of cholinergic horoidal nerve 
fibers of ciliary ganglion origin. We have found that this 
also appears to be the case in chicks (Shih et al., 1993). 
Note that the labeling with the 3A10 antibody is robust 
and reliable, while antisera against CHAT can be 
inconsistent in labeling CHAT+ axons in the avian 
choroid. In light of the consistently excellent labeling the 
3A10 antibody ields in the choroid, it may be a suitable 
alternative tool for labeling CHAT+ nerve fibers in avian 
choroid. However, 3A10 does not appear to label all 
portions of CHAT+ axons in the choroid. The thinner, 
presumably preterminal, portions of the CHAT+ fibers 
and their varicosities were not stained by 3A10. Possibly 
due to their thinness, sensory fibers (SP+ and/or CGRP+) 
and sympathetic fibers in the choroid only rarely labeled 
for 3A10. Thus, 3A10 seems arelatively selective marker 
for the thicker portions of the CHAT+ fibers in the 
choroid that arise from the ciliary ganglion. 
The 3A10 antigen is a neurofilament associated protein 
that is widely found in axons of the developing chick 
central and peripheral nervous systems (Furley et al., 
1990; M. G. Honig, personal corrmaunication). Its specific 
localization to the thicker axons of the choroid, which 
tend to be CHAT +, and its tendency to avoid SP +/ 
CGRP+ fibers were thus unexpected. Our results are 
consistent, however, with published findings showing 
that the perikarya nd axons of the smaller neurons of 
sensory ganglia (e.g. those containing SP and CGRP) are 
deficient in neurofilaments (Kinnman, Aldskogius, Jo- 
hansson & Wiesenfeld-Hallin, 1992; Lawson, 1992). In 
contrast, he perikarya nd axons of the larger neurons of 
sensory ganglia tend to be neurofilament rich (Kinnman 
et al., 1992). This latter finding is consistent with our 
observation that thick axons of the ophthalmic nerve did 
label for 3A10. It is thus tenable that the 3A10 antigen in 
adult birds be restricted in its distribution among axonal 
pathways. 
Implications for choroidal innervation in other species 
Since the ciliary ganglion appears to be well developed 
in diverse avian species (Walls, 1942; Marwitt et al., 
1971; Pilar, Landmesser & Burstein, 1980; Epstein, 
Davis, Gellman, Lamb & Dahl, 1988; Reiner et al., 1991; 
De Stefano, Ciofi-Luzzatto & Mugnaini, 1993), it seems 
likely that the innervation of the choroid by the CG is as 
profuse in other birds as in pigeons. This appears to be the 
case in chickens (Meriney & Pilar, 1987; Shih et al., 
1993). The precise distribution among retinal quadrants 
may, however, be different o that in pigeons, depending 
on the retinal specialization of that species. In primates, 
the macula is analogous to the pigeon red field in its 
importance for high acuity vision and its dependence 
upon the choroid for its vascular supply (Parver, Aucker 
& Carpenter, 1980; Bill, 1984). In addition, the primate 
macula resembles the avian red field in that the choroid of 
both is richly innervated (Potts, 1966; Ruskell, 1971; Bill, 
1984). As is true of the avian red field, it seems likely that 
neural regulation of ChBF in this part of the eye is 
important for supporting the health and functioning of the 
macular retina. It is uncertain whether CHAT+ nerve 
fibers from the ciliary ganglion are included among those 
controlling blood flow in the choroid of the primate 
macula. Several ines of physiological data suggest his 
might be the case (Stjernschantz, Aim & Bill, 1976; 
Gherezghiher, Hey & Koss, 1989, 1990; Nakanome, 
Karita, Izumi & Tamai, 1995). Because of the apparent 
specificity of 3A10 in choroid for CHAT+ fibers, we 
examined rhesus monkey choroid using 3A10 immuno- 
labeling. We have observed that the axons of the ciliary 
nerves within choroid are intensely 3A10 +. We have 
further observed some 3A10+ axons to depart from the 
ciliary nerves and ramify within the choroid of the central 
part of the eye. These findings suggest hat the ciliary 
ganglion in primates may innervate the choroid and 
suggest hat 3A10 may be a useful tool for further 
exploring the distribution of ciliary ganglion nerve fibers 
in primate choroid. 
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